Abstract The behaviour of animals towards their mirror image ("mirror test") is routinely used as a proxy to measure aggression levels, especially in fish. The lack of evidence for visual self-recognition in fish supports this method. However, recent work points towards different hormonal and gene expression responses when fish are exposed either to conspecific opponents or to their mirror image, urging for validation of this widespread method. Here, we test the predictive value of mirror tests in three sympatric cichlid species from Lake Tanganyika: the cooperative breeder Neolamprologus pulcher, the polygamous shell brooder Telmatochromis vittatus and the monogamous, biparental piscivore Lepidiolamprologus elongatus. In particular, we compare differences in restrained and overt aggression levels for individuals of each species when confronted with a mirror or a live conspecific. The three species differed in response to the two contest situations. While in N. pulcher both aggressive responses were correlated between the mirror test and the live opponent fight, there was no such relationship in T. vittatus and L. elongatus. Thus, the mirror test appears to be a suitable surrogate for intraspecific aggression in N. pulcher, while aggression against a mirror image has limited predictive value for intraspecific aggression in the other two species. These results underline the importance of validating the mirror test's predictive value in a study species before drawing conclusions from mirror tests about aggressiveness under natural, social conditions.
Introduction
Aggressive behaviour is a crucial component of inter-and intraspecific competition, and hence, it is quantified in many different contexts. Most often, aggression is measured in staged encounters between two individuals (e.g. Huntingford 1980; Dingemanse et al. 2007; Arnott and Elwood 2009) , with or without physical barriers between contestants (e.g. Bakker and Sevenster 1983; Verbeek et al. 2007 ). However, the use of live opponents increases the variance of the test subject's behaviour due to individual differences in the opponent's aggressive response. A frequently used means to standardize an opponent's behaviours is to use a mirror instead of live conspecifics (e.g. Kusayama et al. 2000; Vøllestad and Quinn 2003) . Here, a crucial prerequisite is the lack of selfrecognition in the test species. The ability to recognize oneself in a mirror image has been demonstrated only in few taxa (grey parrots, Psittacus erithacus, Pepperberg et al. 1995; different primates, de Veer and van den Bos 1999; Schilhab 2004 ; capuchin monkeys, Cebus apella, de Waal et al. 2005 ; magpies, Pica pica, Prior et al. 2008 ; elephants, Elephas maximus, Plotnik et al. 2010) . In most animal taxa, it is instead assumed that individuals treat their mirror image as a conspecific (Gallup 1968; Andrews 1996) .
If this assumption is justified, mirror tests seem valid to quantify individual aggressive behaviour (e.g. Lissmann 1932; Tinbergen 1951; Zajonc 1966; Gallup 1968; Andrews 1996) , as each experimental subject is confronted with a conspecific perfectly matched in size that exhibits the exact same behaviour as the subject. Thus, the effect of the opponent's behaviour seems to be controlled for. Recently, however, researchers have questioned the assumptions underlying the use of mirror simulations (May and Mercier 2007; Hirschenhauser et al. 2008; Desjardins and Fernald 2010 ). An endocrinological study of Japanese quail (Coturnix japonica), for instance, showed markedly different hormonal responses towards a mirror image or a real opponent (Hirschenhauser et al. 2008) , while in crayfish, dominant and subordinate individuals reacted differently to their mirror images (Drodz et al. 2006; May and Mercier 2007) .
The use of mirrors is also widespread in studies of fish. Tinbergen (1951) , for example, studied the response of male three-spined stickleback (Gasterosteus aculeatus) to their mirror image. A frequently used fish to study aggression using mirror simulations is the Siamese fighting fish Betta splendens, because of the intrinsic aggressiveness of this species (e.g. Lissmann 1932; Craft et al. 2003; Verbeek et al. 2007; Matessi et al. 2010) . Here, recent studies have questioned the correspondence between conspecific fights and mirror simulations. Wild and domesticated strains of B. splendens differed in their behaviour during a conspecific fight, but not during mirror simulations (Verbeek et al. 2007 ). Furthermore, in Burton's mouthbrooder (Astatotilapia burtoni), differences in brain activity between these two staged encounter situations were described (Desjardins and Fernald 2010) . These findings indicate that fish might discriminate between a conspecific and a mirror image, even if this ability may not be discernible by a simple behavioural test. Also, recent studies of opponent assessment (e.g. Van Dyk and Evans 2008) highlight the importance of coherent signal-response sequences during contests. Despite such reservations, mirrors continue to be used for tests of aggression in fish, especially in animal personality research (e.g. Boon et al. 2008; Riebli et al. 2011; Wilson et al. 2011) . Often, the validity of this method has not been confirmed, and some studies have questioned its utility (cf. Earley et al. 2000; Arnott et al. 2011) .
Here, we investigate the suitability of mirror simulations for tests of aggressive behaviour in three species of African cichlids. These fish show a wide array of aggressive behaviours, from aggressive displays to overt physical attacks (see Table 1 ). The three species are endemic to Lake Tanganyika (Fryer and Iles 1972; Witsenburg et al. 2010) and differ substantially in their social complexity. Neolamprologus pulcher (synonymous with Neolamprologus brichardi, Duftner et al. 2007 ) is a cooperative cave breeder. Populations are organized in colonies (Heg et al. , 2008 , each consisting of breeding groups of different sizes (2-25 individuals/group, Taborsky and Limberger 1981; Balshine et al. 2001; Heg et al. 2005) . A breeding group includes a dominant pair and usually one or more subordinate helpers, organized in a size-dependent hierarchy (Hamilton et al. 2005 ) that is maintained by aggressive interactions (Mitchell et al. 2009 ). The level of individual aggression is frequently assessed with the help of a mirror test Taborsky and Grantner 1998; Taves et al. 2009; Heg et al. 2011; Riebli et al. 2012) . The response to mirror images has been shown to be a good proxy for overall aggression in this species (Reddon et al. 2012) , but a detailed comparison of overt and restrained aggression between responses to mirror images and live conspecifics is missing thus far. The second species tested, Telmatochromis vittatus, is a polygynous species breeding in empty snail shells, with males exhibiting four different reproductive tactics (Ota and Kohda 2005) . Territorial males defend nests inhabited by several females, and three different types of parasitic males try to steal fertilizations. Tactic choice is strictly related to body size (Ota and Kohda 2005) . The third species, Lepidiolamprologus elongatus, is a piscivore (Hori et al. 1983) , breeding in monogamous pairs (Gashagaza 1991) . Pairs vigorously defend eggs and young at their breeding site against conspecific and heterospecific intruders (Ochi and Yanagisawa 1998) . Outside reproduction, L. elongatus sometimes hunt in loose fissionfusion shoals of various sizes (Konings 1998; Hori et al. 1983 ; MT and JGF, personal observation). Using these three species, we investigate the relationship between the aggressive behaviour exhibited towards a mirror image or a live conspecific. We ask whether the mirror simulation provides reliable predictions for levels of individual aggression. The species chosen represent a range of different social organizations, from cooperatively breeding to solitary: this might provide hints on potential effects of social organization on the suitability of the mirror test.
Methods

Subjects and holding conditions
We used laboratory-bred first-or second-generation offspring of wild-caught individuals of N. pulcher, T. vittatus and L. elongatus. Fish were kept in 200-400-l tanks, in nonbreeding aggregations of 20-30 fish each, mixed by size and sex. Fish of all three species were prevented from forming territories in these holding tanks by depriving them of breeding substrate. Tanks were aerated and filtered by an internal filter. The water temperature was stabilized at 27±2°C, with a 13:11 light/dark cycle. All fish were fed in excess once a day on 6 days per week, 5 days with flake food and 1 day with a defrosted live food mix. On the day of experiment, subjects and stimulus fish were fed after the last trial. Experiments were conducted in March and June 2012. We used 12 subjects and 12 opponents of each species, randomly chosen according to sex, from different stock tanks. Each subject was tested twice, once against a mirror image and once against a live opponent.
Experimental procedure
The mirror and opponent tests were conducted in the same tank, and experiments were done in parallel in four identical glass tanks measuring 100×50×40 cm. The tanks were filled to a height of 25 cm with tap water, and the bottom was covered with 1 cm of sand. Water was filtered using an internal biological filter and additionally aerated with two air stones. The tank was divided into two parts measuring 53 and 47 cm using a transparent Plexiglas sheet. The bigger of these compartments was not used in the experiments. The smaller part, measuring 47×50×40 cm, was divided into two compartments of 20 and 27 cm in length, respectively (see Fig. 1 ).
The bigger of these compartments was used for the test fish and was equipped with half a flowerpot as a refuge in a corner, with the opening oriented at a 45°angle towards the smaller compartment. This not only allowed the subject to hide but also minimized the time needed for the subject to realize the intruder threat. The smaller compartment served as the intruder tank in the opponent test. The compartments were separated from each other by an opaque partition that was removed during trials. In its place, either the mirror (mirror test) or a transparent Plexiglas partition (opponent test) was inserted.
Subjects were caught and standard length (SL) was measured to the nearest millimetre in the afternoon (1500 to 1600 hours) before the day of the experiment. N. pulcher test individuals measured 40-58 mm SL, T. vittatus test individuals 31-48 mm SL and L. elongatus test individuals 36-55 mm SL. For the first two species, the size range used represents adult individuals, while for L. elongatus all individuals were subadults. This allowed us to test all three species with the same tank size and experimental set-up; adult L. elongatus are much bigger and might require a different set-up. We confirmed in pilot observations that within the size range at which L. elongatus were tested in our experiment, the full range of aggressive behaviours typical of the species is already shown. After introduction, the test fish were allowed to acclimatize overnight. The first test started at 0900 hours on the following day. Subjects of each species were tested in the mirror trial and the opponent trial in random order and on the same day, with a 3-h break between the two tests.
The mirror or Plexiglas partition was inserted behind the opaque partition 30 min before the start of the trial. In the opponent test, stimulus fish were chosen at random from the holding tank and assigned to a contestant matching in size, with a maximum difference <10 % of the subject's standard Fig. 1 Experimental set-up. The focal compartment with the shelter (flowerpot half, in black) is on the right side, with a sliding partition that reveals the mirror or to the opponent's compartment (left, grey fish). The dashed lines indicate the zone "in front" of the mirror or of the opponent used for behavioural recordings length. Subjects and stimulus fish came from different holding tanks, to prevent familiarity effects (Frostman and Sherman 2004) . Each test fish was confronted with a different stimulus fish. The stimulus fish was moved to its compartment just after inserting the clear Plexiglas partition. In both trials, the opaque barrier was lifted after a 30-min acclimation period, which exposed a 50× 20 cm (l×h) window to the subject showing the mirror or the opponent. The behaviour of the subject and of the live opponent was measured for 20 min after removing the opaque partition.
Behavioural assessment
For each species, aggressive behaviours were recorded using the Noldus Observer 5.0 software (see Table 1 for details). Overall, three different measures were taken: overt aggression, restrained aggression and time spent close to the intruder. Overt aggressive behaviours were defined as biting attempts and as ramming events against the clear partition or the mirror (see Schürch and Heg 2010) . The behaviours included in the restrained aggression category differed slightly among species (Table 1) . N. pulcher behaviours were defined according to an established ethogram, summarized in Hamilton et al. (2005 , modified from Taborsky 1984 . As no description of aggressive behaviour was available for T. vittatus and L. elongatus, we established an ethogram for both species prior to the experiments (see Table 1 ). All aggressive behaviours were counted as events. For an overall "overt aggression" measure, the number of overt attacks was summed. The same was done for "restrained aggression", by combining the number of displays . Finally, "time in the frontal zone" was measured, defined as the time spent by the subject in the 6.5 cm closest to the compartment barrier (see also Mehlis et al. 2009 ). This zone was delimited by markings on the outside of the tank.
Statistical analyses
For each species, overt aggression, restrained aggression and time spent in the frontal zone were analyzed separately. As most data were not normally distributed according to KolmogorovSmirnov tests with Lilliefors correction, non-parametric statistics were used. Technical problems occurred during trials of one N. pulcher and two T. vittatus, which could thus not be analyzed. Spearman rank correlation tests were used to relate aggression towards the mirror with aggression towards the opponent. Wilcoxon matched-pairs signed-ranks tests were used to analyze the differences between aggression towards the mirror and aggression towards the live opponent. The potential effect of the opponent's behaviour on the subject's behaviour was also analyzed with a Spearman rank correlation test. Analyses were conducted using R 3.0.1 (R Development Core Team 2013). All given p-values are based on two-tailed tests.
Results
In N. pulcher, all three behavioural measures were significantly correlated between mirror and opponent tests (Spearman rank correlation, N=11, overt aggression r s =0.72, p=0.01; restrained aggression r s =0.65, p=0.03; time in the frontal zone r s =0.78, p=0.004; Fig. 2) . Test fish showed a higher number of restrained aggressive displays against a live opponent than against the mirror (Wilcoxon matched-pairs signed-ranks test, N=11, V=1, p=0.013) (Fig. 3) . Overt aggression and time spent in the frontal zone did not differ significantly between experimental conditions, though there was a trend for the time spent in the frontal zone to be higher when confronted with an opponent than with their mirror image (Wilcoxon matchedpairs signed-ranks test, V=15, p=0.73 and V=6, p=0.06, respectively; Fig. 3 ). In the opponent test, the subject's behaviour was significantly correlated with the opponent's overt and restrained aggression (Spearman rank correlation, N=11, overt aggression r s =0.76, p=0.007; restrained aggression r s = 0.62, p=0.04), while there was no significant relationship between the two fish regarding the time spent in the frontal zone (Spearman rank correlation, N=11, r s = 0.48, p=0.14).
In T. vittatus, none of the three behavioural measures were significantly correlated between contexts (Spearman rank correlation, N =10, overt aggression r s =−0.42, p=0.23; restrained aggression r s =0.079, p=0.83; time in the frontal zone r s =0.134, p=0.71; Fig. 2 ). The amount of overt and restrained aggression as well as the time spent in the frontal zone was not significantly different between tests (Wilcoxon matched-pairs signed-ranks test N=10, overt aggression V=25.5, p=0.77; restrained aggression V=17.5, p=0.59; time in the frontal zone V=15, p=0.41; Fig. 3 ). In the opponent test, the subject's behaviour did not significantly correlate with the opponent's overt and restrained aggression, but the time spent in the frontal zone was significantly correlated between the two fish (Spearman rank correlation, N=10, overt aggression r s =−0.089, p=0.81; restrained aggression r s =0.115, p= 0.76; time in the frontal zone r s =0.87, p=0.003).
In L. elongatus, there were no significant behavioural correlations between the different contexts (Spearman rank correlation, N=12, overt aggression r s =0.46, p=0.14; restrained aggression r s =0.08, p=0.8; time in the frontal zone r s =0.29, p=0.37; Fig. 2 ). There were no significant differences between the number of behavioural displays or the time spent in the frontal zone between the mirror and the opponent trials (Wilcoxon matched-pairs signed-ranks test, N=12, overt aggression V=47, p=0.23; restrained aggression V=45.5, p= 0.64; time in the frontal zone V=20, p=0.27; Fig. 3 ). In the opponent test, restrained aggression and time spent in the frontal zone by the subject and by the opponent correlated significantly with each other, whereas this correlation only approached significance in overt aggression (Spearman rank correlation, N=12, overt aggression r s =0.55, p=0.065; restrained aggression r s =0.75, p=0.005; time in the frontal zone r s =0.64, p=0.02).
Discussion
This study aimed to validate the use of mirror tests as a reliable estimate of individual aggression in three sympatric species of Lake Tanganyika cichlids. Individuals of each species were tested for aggression against a conspecific intruder and against a mirror image, comparing three measures: overt and restrained aggression and time spent close to the opponent. The three species responded differently to the two experimental situations. While in N. pulcher all measures were correlated across contexts, no significant correlations were found in L. elongatus and T. vittatus. Furthermore, the behaviour of all species was at least partly influenced by the respective opponent's behaviour, with aggression of the two individuals significantly correlated with each other. Specifically, in N. pulcher, the opponent's behaviour had an influence on the test fish's restrained and overt aggression, while in L. elongatus, the correlation was significant for restrained aggression and time in the frontal zone, with a trend in the same direction for overt aggression. In T. vittatus, the opponent's influence was restricted to the time spent in the frontal zone. Finally, N. pulcher showed more restrained aggression towards the opponent than towards their mirror image.
Validity of mirror simulation
The correlation of behaviours across contexts as estimated in this study is a measure of phenotypic correlation (sensu Dingemanse et al. 2012) , which justifies the use of one of the two measures as a proxy for the other. In the present case, a significant correlation between aggressive behaviours expressed towards a mirror and during a conspecific fight implies that the former measure can be used as a reliable predictor of the latter.
Our results show that the predictive value of mirror simulations is species specific. In N. pulcher, the strong correlation of all three behavioural measures between mirror and opponent tests confirms the validity of using mirror simulations to * Fig. 3 Medians, quartiles and ranges for overt and restrained aggression towards a mirror (white) and towards a live opponent (grey). N. pulcher showed a higher amount of restrained aggression towards a live conspecific than towards a mirror image, while the behaviour of L. elongatus and T. vittatus did not differ between tests. The asterisk indicates significance (p<0.05) estimate individual aggression. This result is in concordance with a recent study of Reddon et al. (2012) , who analyzed overall aggressive responses to these two types of stimuli. It confirms that the use of mirror images to release and estimate aggression in this species is appropriate Chervet et al. 2011; Riebli et al. 2011 Riebli et al. , 2012 . In contrast, in T. vittatus and L. elongatus, no significant behavioural correlations were found across tests, making mirror simulations unsuitable for estimating individual aggression. The behavioural variability expressed by the three species and their different responses to the two competitor simulations highlight the importance of validating mirror tests for their suitability to obtain representative estimates of individual aggression, for each species separately. This is emphasized by the fact that the three species studied here are phylogenetically related; they are all substrate breeding fish belonging to the Lake Tanganyika cichlid tribe Lamprologini (Sturmbauer et al. 1994 ).
Across-context differences N. pulcher test subjects performed significantly more restrained aggressive displays against conspecific opponents than against a mirror image, whereas the aggressive behaviour of T. vittatus and L. elongatus test subjects did not differ between the exposure to a live conspecific intruder and their mirror image. The different reaction of N. pulcher to the two stimuli might indicate different stimulus perception. A mirror image shows exactly the same aggressive behaviour as the test subject, thus presenting a response that is not coherent with the behaviour expressed by the subject. In contrast, a live opponent's response to a signal should accord with its intensity, allowing for more accurate assessment of the opponent's strength and motivation. Such effects have been recently compared in lizards. Van Dyk and Evans (2008) manipulated the signalling strategy of a video-animated lizard to test for the effect of matching or mismatching responses to the signals given by the experimental subject. The tested lizards showed more overt attacks against the video animation in the "mirror strategy" treatment, where the video image showed exactly the same behaviours as those performed by the test individual, than if the response of the video image was appropriate to the signal given by the test individuals (e.g. submission following an aggressive display).
Interspecific differences
The differences in behavioural responses found among the three tested species might indicate that the social structure of a species affects an individual's response to a conspecific. The two predatory species T. vittatus and L. elongatus do not live in stable groups but only engage in temporary social bonds during reproduction and brood care (Ochi and Yanagisawa 1998; Ota and Kohda 2005) . In contrast, N. pulcher groups are stable and highly structured over time, with group membership being of paramount importance for survival and reproductive success (e.g. Taborsky and Limberger 1981; Taborsky 1984; Balshine et al. 2001; Heg et al. 2005) . Group members in N. pulcher react strongly to conspecific intruders that might threaten their position in the hierarchy (Taborsky 1985; Bruintjes and Taborsky 2008) . The position of helpers in the hierarchy is strongly determined by body size, making similar-sized fish a particular challenge (Hamilton et al. 2005) . The threat perceived in front of a mirror image might therefore be particularly strong, because the simulated intruder is exactly the same size as the test individual, and thus likely to challenge the focal individual's social position. In contrast, T. vittatus and L. elongatus do not defend permanent territories, and therefore, intruders only pose a threat during reproduction, i.e. as reproductive competitors or potential offspring predators. In addition, the shelter provided in our experiment might not have the same ecological value for these two species as it has for N. pulcher, which uses such shelters permanently for hiding and breeding. It is possible that T. vittatus and L. elongatus might differentiate between opponent types only when the value of the defended resource is higher than in our experimental situation, e.g. in a truly reproductive context (see, for example, Gherardi 2006; Arnott and Elwood 2008; Stockermans and Hardy 2013) .
Another possible reason for the different reactions of the three species might be their divergent behavioural repertoires, especially regarding restrained aggression. The most striking behavioural difference exists between N. pulcher and T. vittatus: the former species relies mainly on frontal displays such as "opercular spread", whereas the latter shows more lateral displays like "parallel swimming" (Table 1 ). In interactions between live fish, often lateral displays are shown in an antiparallel way (the two fish heading in opposite directions, head to tail) (e.g. Brawn 1961; Keenleyside and Yamamoto 1962; Constanz 1975; Arnott et al. 2011 ). This pattern is disrupted by the mirror image, which is head-tohead to the test subject, creating a potentially confusing signal . As frontal displays are perfectly reflected by the mirror, N. pulcher facing a mirror "opponent" may not be exposed to such signal disruption.
Whatever the cause of the interspecific differences found in this study, a comparison between only three species does not allow drawing conclusions on underlying mechanisms. This requires a much larger sample of different species. Before such comparative data exist to identify crucial factors responsible for the reliability of a mirror test in estimating aggressive responses against social partners, our study highlights the importance to acquire comparative information about the behaviour of experimental subjects towards mirror images and live conspecifics for each species or study system separately.
Further prudence should be exercised because the predictive value of the mirror test might depend on the situation. For example, the validity of the mirror test might change depending on the age, sex and reproductive state of an individual. In social species, reactions of a single individual and of an individual within a group towards a mirror image might differ depending on social status or on the behaviour of other group members. Furthermore, it should be stressed that precaution has to be taken also when interpreting direct tests of aggression between social partners that do not allow for direct physical contact between the contestants, e.g. if interacting partners are separated by a glass partition. If only limited information (e.g. visual cues) is available to contestants in a social context, the resulting behaviour may differ from situations where all relevant information would be on hand.
Conclusion
Overall, the three species of sympatric cichlids tested in this study showed divergent responses to mirror images and live conspecifics, differing both in discrimination between and consistency across contexts. The different reactions among N. pulcher, T. vittatus and L. elongatus indicate that mirror simulations can be, but are not necessarily, an adequate proxy for individual aggression in a natural contest, suggesting that this method should be validated for each species before experimental application.
